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Sodium pumpSertoli cells express α1 and α4 isoforms of the catalytic subunit of Na+,K+-ATPase (sodium pump). Our recent
ﬁndings demonstrated that interactions of the α4 isoform with cardiotonic steroids (CTS) like ouabain induce
signaling cascades that resemble the so-called non-classical testosterone pathway characterized by activation
of the c-Src/c-Raf/Erk1/2/CREB signaling cascade. Here we investigate a possible physiological signiﬁcance of
the activated cascade. The results obtained in the current investigation show that the ouabain-induced signaling
cascade also leads to the activation of the CREB-related activating transcription factor 1 (ATF-1) in the Sertoli cell
line 93RS2 in a concentration- and time-dependent manner, as demonstrated by detection of ATF-1 phosphory-
lated on Ser63 in western blots. The ouabain-activated ATF-1 protein was found to localize to the cell nuclei. The
sodium pumpα4 isoformmediates this activation, as it is ablated when cells are incubatedwith siRNA to theα4
isoform. Ouabain also leads to increased expression of steroidogenic acute regulator (StAR) protein, which has
been shown to be a downstream consequence of CREB/ATF-1 activation. Taking into consideration that CTS
are most likely produced endogenously, the demonstrated induction of StAR expression by ouabain establishes
a link between CTS, the α4 isoform of the sodium pump, and steroidogenesis crucial for male fertility and
reproduction.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The Na+,K+-ATPase (sodium pump) is a plasma membrane-bound
enzyme that catalyzes the transport of 3 Na+ ions out of the cell and
2K+ into the cell in a reaction that utilizes ATP. The enzyme consists
of α and β subunits. These two subunits, which are absolutely required
for ion transport, exist in various isoforms: a total of four α subunit
isoforms (α1–α4) and three β subunit isoforms (β1–β3) have been
identiﬁed thus far. In some cells an additional γ subunit from the family
of the FXYD proteins is involved in sodium pump regulation by inter-
acting with α and β subunits.
While the α1 isoform of the sodium pump is ubiquitously ex-
pressed in all types of animal cells, some of the other α isoforms are
found together with the α1 isoform only in certain cell types. In par-
ticular, the α4 isoform seems to have the most restricted pattern of
expression. This isoform has been exclusively detected in testes and
was demonstrated speciﬁcally in spermatocytes and mature sperm
[1,2]. Its function has been associated with sperm motility, fertility,
and capacitation [3–6].gie und -Biochemie, Fachbereich
urter Str. 100, D-35392 Giessen,
i-giessen.de
rights reserved.These data notwithstanding, spermatocytes do not seem to be the
exclusive location for α4 expression. We recently identiﬁed the α4
isoform also in Sertoli cells, which are neithermotile nor involved in ca-
pacitation [7]. In these cells the interaction of the cardiac glycoside
(CTS) ouabain with this isoform triggers the non-classical testosterone
signaling pathway characterized by the activation of the c-Src/c-Raf/
Erk1/2/CREB signaling cascade [8,9].
Activation of various signaling cascades by CTS/sodium pump inter-
actions has been frequently demonstrated and is meanwhile widely ac-
cepted [10,11]. There is very little known, however, about whether
activation of signaling cascades by CTS acting on the α4 isoform results
in signiﬁcant physiological events. The investigation presented here ad-
dresses this possibility. By using the Sertoli cell line 93RS2 we investi-
gate whether the ouabain-triggered activation of the non-classical
testosterone pathway has any physiological consequences for the cells.
The results presented here show for the ﬁrst time a CTS-induced ac-
tivation of the activating transcriptional factor 1 (ATF-1) within the nu-
cleus, which is mediated through the α4 isoform of the sodium pump.
The CTS-induced signaling cascade stimulates the expression of the
steroidogenic acute regulator (StAR) protein, a crucial regulator of ste-
roidogenesis [12]. Thus, taking into consideration that CTS are most
likely produced endogenously [13–15], their interactions with the α4
isoform might be of physiological signiﬁcance for steroidogenesis,
male fertility, and reproduction. This possibility could be addressed in
future investigations.
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2.1. Cell culture
The Sertoli cell line 93RS2 [16] was cultured in a humidiﬁed incuba-
tor at 37 °C in 5% CO2. ThemediumusedwasDMEM/Ham's F-12 (1/1 by
vol.) with L-glutamine supplemented with 10% (by vol.) fetal bovine
serum (FBS) and 1% penicillin/streptomycin. It was replaced every two
days. To harvest cells, the medium was removed by aspiration. Cells
were then washed with Dulbecco's phosphate-buffered saline (PBS)
without Ca2+ and Mg2+ and subsequently incubated with accutase
(0.25%) for 4 min at 37 °C. Cell culture reagents were from PAA Labora-
tories (Pasching, Austria).
2.2. Preparation of cell lysates
Cell lysateswere prepared as described [7]. Brieﬂy, 1×105 cells of the
Sertoli cell line 93RS2 were grown in 10-cm culture dishes as described
above. Cells were then serum-starved (i.e. 0.5% serum) for 24 h prior to
the addition of ouabain. Incubationwith the CTSwas allowed to proceed
for various times. The medium was then aspirated, and the cells were
washed with 5 ml PBS and lysed in 600 μl of cell lysis buffer (Cell
Signaling Technology, Frankfurt, Germany) containing 1 μM PMSF, 1×
protease inhibitor cocktail (Roche, Mannheim, Germany), and 2 μg/ml
pepstatin. All lysis steps were carried out on ice. After 5 min cells were
detached from the dish with a cell scraper. The mixture was then trans-
ferred into reaction vials and sonicated 20 times for 1 s with intervals of
1 s. Lysates were centrifuged at 4 °C and 13,000 ×g for 20 min. Protein
in the supernatant was determined as described [7]. Aliquots of the su-
pernatant were stored at−20 °C.
2.3. SDS-PAGE and immunodetection of isolated proteins
A total of 10 μg protein from cell lysates was separated by SDS-
PAGE on gels containing 10% or 12% acrylamide and 0.3% N,N′-
methylene-bis-acrylamide. Biotinylated proteins (Cell Signaling Tech-
nology, Frankfurt, Germany) served as molecular weight markers.
Proteins were then electro-blotted onto nitrocellulose membranes
(Schleicher & Shull, Dassel, Germany) at 500 mA for 30 min. Detection
of various proteins was carried out by following the recommendations
of the providers of the primary antibodies (Cell Signaling Technology)
and the enhanced chemiluminescence kit (ECL; GE HealthCare,Munich,
Germany). After exposure to a ﬁlm, protein bands were quantiﬁed by a
digital documentation system (Biostep, Jahnsdorf, Germany) and the
Phoretix TotalLab gel image analysis software (Biostep).
In order to re-probe the western blot with a different antibody, ni-
trocellulose sheets were incubated in 50 ml 100 mM glycine, pH 2.1 3
times for 15 min and then washed twice in 50 ml TBS-T for 10 min
each. Incubation with the new primary and secondary antibodies was
carried out as described above.
2.4. Use of siRNA to silence either α1 or α4 mRNA expression
Silencing expression of either α1 or α4 mRNA was performed
by using commercially available siRNA (Stealth™ RNAi; Invitrogen,
Karlsruhe, Germany) as described previously [7] and by following the
transfection protocol of the provider. The oligonucleotides used were
5′-UGU UUC UUG GCU UAU GGC AUC CGA A-3′ and 5′-UUC GGA UGC
CAU AAG CCA AGA AAC A-3′ against the α1 isoform mRNA, and
5′-GCC UCA UCA GGA GUC UCU UCC CAU A-3′ together with 5′-UAU
GGG AAG AGA CUC CUG AUG AGG C-3′ against the α4 isoform mRNA.
Control cells were either treated with Lipofectamine 2000 and
Stealth™ RNAi Negative Control LO GC (negative control for either α1
or α4 Na+,K+-ATPase Stealth™ RNAi). Transfection efﬁciency was
estimated by the Block-iT™ Transfection Kit (Invitrogen, Karlsruhe,
Germany) according the protocol of the provider. After 72 h ofincubation cells were treated with 100 nM ouabain for 30 min; lysates
were isolated and the proteins of the cell lysates were analyzed by
western blotting as described above.
2.5. Detection of active ATF-1 within the nucleus
A total of 1×104 cells was seeded in each well of a 12-well plate
and cultured to 60–70% conﬂuency as described above. Each of the
following media changes was followed by washing the cells twice
with 500 μl PBS. Unless otherwise speciﬁed the following procedures
were carried out at room temperature. All incubation steps with
UV-sensitive reagents were performed in the dark.
Ouabain (10 nM)was added to each well and incubation proceeded
for various periods of time. After aspiration of the ouabain-containing
medium, cells were ﬁxed in 3.7% formaldehyde for 15 min. The formal-
dehyde solutionwas then removed and theﬁxed andwashed cellswere
incubated in blocking solution (3% BSA/0.6% Triton X-100 in TBS) for
1 h. Thereafter, the incubationmediumwas replaced by TBS containing
1% BSA, 0.6% Triton X-100, and the primary antibody against phosphor-
ylated ATF-1 (Epitomics/Biomol, Hamburg, Germany) at a dilution of
1:150 by vol. Incubation continued for 48 h at 4 °C.
For ﬂuorescence staining, the previous incubation medium was
aspirated and replaced with TBS containing 1% BSA, 0.6% Triton
X-100, and the secondary antibody (goat anti-rabbit IgG) labeled
with AlexaFluor 488 at a dilution of 1:250 by vol. Incubation contin-
ued for 1 h at room temperature. The solution was then removed
and the cells washed as stated above. To stain the nuclei, cells were
incubated for 10 min in methanol containing 0.5 μg/ml DAPI. For con-
trols, the ﬁrst antibody was omitted. The samples were overlayed
with 500 μl PBS and stored at 4 °C for further investigation. Images
were obtained by an inverse Olympus IX81 microscope equipped with
the correspondingﬂuorescence system (Olympus, Hamburg, Germany).
Fluorescence of single nuclei was measured by using the software
program ImageJ (freely available at http://rsbweb.nih.gov/ij/). All cells
in the optical ﬁeld were considered. Data points were transferred to
and analyzed by the software program GraphPad Prism4 (GraphPad
Software, Inc., La Jolla, CA, USA).
2.6. Detection of phospho-ATF-1 after silencing α1 or α4 isoforms
Cells were treated with siRNA to silence either the α1 or the α4
subunit isoform as described above. Control cells were treated with
Lipofectamine 2000 and Stealth™ RNAi Negative Control LO GC.
After 3 days of incubation, 10 nM ouabain was added to each sample
and incubation was continued for 30 min. Controls were incubated
for the same time without ouabain. Cells were then ﬁxed and used
to detect phospho-ATF-1 as described in the previous paragraph.
2.7. RT-PCR for the detection of StAR-speciﬁc mRNA/cDNA
93RS2 cells were grown as described above. Ouabain (10 nM) was
then added and incubation proceeded for 24 h. Total mRNA was iso-
lated by following the protocol of the commercially available RNeasy
Mini kit (Qiagen, Hilden, Germany). Reverse transcription and PCR
ampliﬁcation were carried out by the OneStep RT-PCR kit (Qiagen).
A total of 60 ng of mRNA, 1 μl (20 pmol/ml) of each primer, 10 μl of
ﬁve-fold concentrated buffer (20 mmol/l Tris HCl, 100 mmol/l KCl,
12.5 mmol/l MgCl2, 10 mmol/l dNTPs), 2 μl of a mixure of Ominiscript
and Sensiscripts reverse transcriptases and HotStar Taq DNA polymer-
ase in a ﬁnal volume of 25 μl were incubated in aMasterCycler Gradient
(Eppendorf, Hamburg, Germany) at 50 °C for 30 min to accomplish
reverse transcription. For PCR ampliﬁcation the mixture was heated at
95 °C for 15 min, followed by 40 cycles of denaturation at 94 °C for
1 min, annealing at 58 °C for 1 min, and cDNA extension at 72 °C for
1 min. After ampliﬁcation, a ﬁnal extension at 72 °C was performed
for 10 min. For speciﬁc ampliﬁcation of StAR forward and reverse
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CCTGCCAGCAC3′. They amplify a 593-bp fragment of the StAR cDNA.
2.8. Statistical analysis
Optical density of protein bands of the various Western blots was
corrected for any gel loading differences by taking into consideration
the optical density of actin that was detected in Western blots run in
parallel.
Data were analyzed by Prism4 and by applying one-way ANOVA
with repeated measures and Dunnett's comparison of all data to the
control. Signiﬁcance was accepted at pb0.05.
3. Results
3.1. Ouabain-induced activation of ATF-1
Testosterone triggers a reaction cascade involving c-Src/Ras/Raf/Erk1/
2/CREB activation, which is referred to as the non-classical pathway of
testosterone action [9]. Earlier investigations demonstrated that low con-
centrations of ouabain induce activation of the same cascade in Sertoliouabain (nM)
ouabain (nM)
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Fig. 1. ATF-1 activation by ouabain. 93RS2 cells were treated for either 15 or 30 min
with the indicated concentrations of ouabain. Cell lysates were then prepared and
10 μg of protein was separated on SDS polyacrylamide gels and subsequently probed in
a western blot using a monoclonal antibody against either actin, as a loading control (A),
or phosphorylated (activated) ATF-1 (p-ATF-1) (B). Thewestern blots show typical results
obtained after 30 min of incubationwith ouabain. Activation of ATF-1was signiﬁcant after
15 (C) or 30 min (D) at all ouabain concentrations tested (n=8; mean±SEM; *p≤0.05;
**p≤0.01).cells [7]. Since CREB often forms heterodimers with other transcription
factors like CREM or ATF-1, we investigated whether low concentrations
of ouabain would also lead to the stimulation of the transcription factor
ATF-1.
At low nanomolar concentrations ouabain stimulated the activation
(phosphorylation at Ser63) of ATF-1 (Fig. 1). Incubation of the cells for
either 15 or 30 min with as little as 1 nM ouabain led to a prominent
signal in the western blot that was signiﬁcantly different from the con-
trol obtained in the absence of the CTS. Activation of ATF-1 showed an
ouabain concentration-dependent effect. Ouabain concentrations
higher than 100 nMwere not tested in order to prevent possible inter-
actions of the steroid with the α1 isoform of the sodium pump, which
displays a lower afﬁnity for the steroid (Ki=1.5±1.3×10−4 M) than
the α4 isoform (Ki=1.6±1×10−9 M) [17]. For the same reason, all
other measurements were carried out at either 10 or 100 nM ouabain.
The stimulation of ATF-1 phosphorylation by 10 nM ouabain was
time dependent (Fig. 2). Maximum phosphorylation of ATF-1 was ob-
served at 10 min of incubation and declined thereafter, although it
still remained signiﬁcantly higher than the basal phosphorylation of
the control (at 0 min).
3.2. Ouabain-induced activation of ATF1 is mediated through the α4
subunit isoform of the sodium pump
The low concentrations of ouabain needed to induce activation of
ATF-1 are consistent with the involvement of the α4 isoform of the so-
diumpump in thepropagation of the signaling events, since this isoform
in rodents binds ouabain with a much higher afﬁnity than the α1 iso-
form [17]. Thus, we designed experiments to test which of these two
isoforms is speciﬁcally involved in ATF-1 activation. Fig. 3 shows that
the transfection of 93RS2 Sertoli cells with the control siRNA did not
affect the ability of the cells to respond to ouabain. Incubation of the
cells with 100 nMouabain for 10 min resulted in a signiﬁcant activation
of ATF-1 over the untreated control. The same observation was made
with cells that had been treated with siRNA against the α1 prior to
their incubation with ouabain, which indicates that the α1 isoform isMW 
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Fig. 2. Time-dependent activation of ATF-1 by ouabain. 93RS2 cells were incubated for
the indicated periods with 10 nM ouabain. Proteins in cell lysates (10 μg) were sepa-
rated by SDS gel electrophoresis and blotted onto nitrocellulose, which was subse-
quently probed in a western blot using a monoclonal antibody against either actin
(A) or p-ATF-1 (B). The western blots show typical results obtained after incubation
with 10 nM ouabain. C) Activation of ATF-1 was signiﬁcant at all times tested, with a
maximum obtained after 10 min of ouabain treatment (n=12; mean±SEM; *p≤0.05;
**p≤0.01).
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Fig. 3. Ouabain effect on ATF-1 activation after selectively silencing α1 orα4 mRNA ex-
pression. 93RS2 Sertoli cells were treated with siRNA directed against the α1 or α4
isoforms of the sodium pump as described in “Materials and methods”. Control cells
were treated with negative control siRNA. After 72 h of incubation cells were treated
with 100 nM ouabain for 30 min and were used to isolate lysates as described above.
Cell lysate proteins (10 μg) were then separated by SDS-PAGE and probed in western
blots with antibodies recognizing either actin (A) or p-ATF-1 (B). Treatment of cells
with either control siRNA (c) or siRNA against the α1 isoform (α1) did not lead to a
loss of ouabain-induced ATF-1 activation. When cells were treated with siRNA silenc-
ing the α4 isoform expression (α4), ouabain did not activate ATF-1. C) Statistical anal-
ysis of results (n=3; mean±SEM; *p≤0.05).
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were treated with siRNA to silence the α4 mRNA expression, however,
they did not respond to 100 nM ouabain and displayed a phospho-
ATF-1 level similar to that of the untreated control. Thus, it is apparently
the α4 isoform that mediates the ouabain-induced signaling in Sertoli
cells.
3.3. Detection of activated ATF-1 within the nucleus
ATF-1 is a member of the ATF/CREB family, which belongs to the
leucine zipper superfamily of proteins. Phosphorylation of these pro-
teins is important for the binding of transcriptional co-activators and
for the binding to their DNA promoter regions to drive transcription
[18]. In order to verify whether the ouabain-induced ATF-1 activation
seen in the various western blots occurs in the nucleus, cells were
stimulated for various times with 10 nM ouabain and then labeled
with a primary rabbit antibody against phospho-ATF-1 and a second-
ary goat anti-rabbit IgG labeled with AlexaFluor 488. Nuclei were
stained with DAPI. Fig. 4 shows that phospho-ATF-1-speciﬁc ﬂuores-
cence in the nuclei rapidly increased after the addition of 10 nM
ouabain. After 10 or 30 min of incubation, all nuclei were more or
less ﬂuorescent in comparison with only 27.6±5% ﬂuorescent nuclei
under control conditions (without ouabain).
Ouabain-induced phospho-ATF-1 formation does not occur after
cells are treated with siRNA to prevent α4 isoform expression. There
was no speciﬁc phospho-ATF-1 ﬂuorescence detectable in the nuclei
under these conditions (compare Fig. 5E and F). Treatment of the cellswith siRNA against the α1 isoform did not hinder the ouabain-
induced activation of ATF-1 (Fig. 5C and D), which was demonstrated
by the fact that the AlexaFluor 488 ﬂuorescence was present within
the nuclei to the same extent as in the nuclei of cells treated with con-
trol siRNA (Fig. 5A and B). These results are in good agreement with
the results shown in Fig. 4 and further conﬁrm the α4 isoform as the
mediator of the ouabain-induced activation of ATF-1.
3.4. Ouabain stimulates expression of StAR-speciﬁc mRNA and StAR
protein
In steroidogenic cells StAR expression is controlled by CREB/ATF-1
transcription factors [19–21]. The activation of these transcription
factors, however, does not occur exclusively through cAMP-mediated
signaling, as onemight expect by the participation of CREB, but through
various signaling cascades, including cAMP-independent signaling
like that propagated through the activation of Erk1/2 [22–24]. Since
StAR expression has been detected in Sertoli cells in several studies
[19,25,26], we investigated in initial experiments whether the observed
ouabain activation of ATF-1 would result in increased expression of
StAR-speciﬁc mRNA in the Sertoli cell line 93RS2. The RT-PCR results
conﬁrmed the existence of a StAR-speciﬁc, rather faint ampliﬁcate in
the absence of ouabain (Fig. 6A) which clearly becomes stronger after
24 h of incubation with 10 nm ouabain.
The increased biosynthesis of StAR-speciﬁcmRNA is associatedwith
increased biosynthesis of StAR protein expression. Fig. 6C and D shows
the effect of 10 nMouabain on StAR protein expression. After 24 h of in-
cubation with the cardiac glycoside, StAR expression was stimulated
4-fold over the expression seen in the control, whichwas run in parallel
in the absence of ouabain (Fig. 6C, D). Signiﬁcant stimulation of StAR
protein expressionwas seen after 5 h of incubationwith 10 nMouabain
(Fig. 6D). Fig. 6B is the gel loading control: it shows thewestern blot de-
tection of actin in the same nitrocellulose membrane shown in Fig. 6C
after the stripping of the antibodies used for the detection of the StAR
protein.
3.5. Stimulation of CREB and ATF-1 by ouabain
CREB and ATF-1 belong to the same family of transcription factors
and can act as homo- or heterodimers in order to inﬂuence gene expres-
sion [18]. In a recent publicationwe demonstrated activation of CREB in
Sertoli cells by ouabain [7]. Since Erk1/2 and CREB/ATF-1 activation
have been shown to promote the interaction of p-CREB/p-ATF-1 with
the StAR gene promoter and the transcription of the StAR gene [22,23],
we were interested to investigate whether both transcription factors
would still be active 24 h after the addition of ouabain. This possibility
was examined by western blotting of lysates from 93RS2 cells treated
for 24 h with 10 nM ouabain. Ouabain was omitted in control cells.
The western blots were probed with an antibody that recognizes both
phospho-CREB and phospho-ATF-1. As shown in Fig. 7, 24 h after the
addition of ouabain phosphorylation of both transcription factors is sig-
niﬁcantly higher than the basal phosphorylation of the control. These
results are consistent with the results showing stimulation of StAR ex-
pression by ouabain (Fig. 6) and support the notion that StAR expres-
sion is driven by CREB/ATF-1 heterodimers [23].
4. Discussion
Expression of the α4 subunit isoform of the sodium pump was
originally detected in testis [2,3,27] and in particular in the middle
piece of the ﬂagellum [5] or the head of spermatozoa [28]. Its function
was thought to be associated with motility of sperm cells [3,5] or with
their capacitation [28]. Our recent ﬁnding that the α4 subunit isoform
is also present in rat and human Sertoli cells and our demonstration
that ouabain via the α4 mediates the signaling cascade Src/c-Raf/
Erk1/2/CREB [7], which is equivalent to the non-classical testosterone
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Fig. 4. Time-dependent activation of ATF-1 within the nucleus of 93RS2 Sertoli cells. A) Activated ATF-1 was identiﬁed at different times after treatment with 10 nM ouabain by
using the primary antibody against p-ATF-1 and a secondary antibody labeled with AlexaFluor 488. B) The number and position of nuclei were determined by simultaneous
DAPI staining. C) Merged A and B images. D) The relative ﬂuorescence of every single nucleus from various photomicrographs was measured by using the software program ImageJ
(http://rsbweb.nih.gov/ij/). At least 62 nuclei were considered for the analysis of data (n=62–91; mean±SEM; *p≤0.05; **p≤0.01). The values for 3 and 30 min were taken from
photomicrographs not shown in the ﬁgure.
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unit isoform in additional physiological processes beyond sperm mo-
tility or capacitation.
Ouabain and other CTS-induced signaling cascades have been de-
scribed in a great number of publications in the past decade [29]. Nev-
ertheless, aside from the induction of apoptosis in tumor cell lines and
possibly also in tumors [30–33], there is not much known about addi-
tional physiologically signiﬁcant effects of CTS-induced signaling. It
was therefore the aim of the study presented here to investigatewheth-
er the ouabain-triggered non-classical testosterone signaling pathway
might have any physiological consequences.
Transcription factors that bind to cAMP-responsive element (CRE)
promoters of various genes induce the transcription of a great variety
of genes. In Sertoli cells CREB/CRE-inducible transcription is essential
for the survival of spermatocytes and the production ofmature sperma-
tozoa [34]. Activation of CREB, however, does not necessarily require an
increased concentration of cAMP and subsequent stimulation of protein
kinase A; CREB activation can also occur via different signaling cascades
[18,22,24]. In Sertoli cells CREB activation is triggered by testosterone
via the activation of the c-Src/c-Raf/Erk1/2 signaling cascade, referred
to as the non-classical testosterone signaling pathway [35–37]. The
process of spermatogenesis and the maturation of spermatogonia tospermatozoa depend on the activation of Erk1/2 and other mitogen-
activated protein kinases (MAPK) [38,39]. In addition, Erk1/2 activation
is an absolute requirement for the production of haploid spermatozoa
[40,41].
Erk1/2 activation and activation of CREB by phosphorylation at
Ser133 is mediated in Sertoli cells also by the interaction of the CTS
ouabain with the α4 isoform of the sodium pump [7]. In the current
investigation we demonstrate that ouabain additionally stimulates
the CREB-related transcriptional factor ATF-1 in a concentration- and
time-dependent manner (Figs. 1 and 2). This ﬁnding is in good agree-
ment with the results of others showing that ATF-1 activation is
downstream of Erk1/2 activation [42–45]. The activation of ATF-1
(phosphorylation at Ser63) takes place within the nucleus (Fig. 4)
and is mediated through the α4 subunit isoform (Fig. 3) at concentra-
tions of ouabain within the range of the binding afﬁnity of this isoform
for ouabain [17].
Both CREB and ATF-1 are members of the bZIP superfamily of tran-
scription factors and can stimulate transcription by binding as either
homo- or heterodimers to the CRE region of various promoters [46].
Phosphorylation of either CREB or ATF-1 transcription factors is
crucial for the activation of transcription [46], although possibly for
different reasons: phosphorylation of CREB at Ser133 by various
control siRNA; no ouabain control siRNA; + 10 nM ouabain
A) B)
D)
F)E)
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40 µm
α1 siRNA; no ouabain α1 siRNA; +10 nM ouabain
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Fig. 5. Ouabain effect on ATF-1 activation within the nucleus after selectively silencing α1 or α4 mRNA expression. 93RS2 Sertoli cells were treated with either control siRNA or
siRNA directed against the α1 or α4 isoforms of the sodium pump as described in “Materials and methods”. Cells were then incubated for 30 min in the absence or presence of
10 nM ouabain and were ﬁxed and probed for phospho-ATF-1 as described in “Materials and methods”. In the absence of ouabain cells treated with control siRNA (A), siRNA against
the α1 isoform (C) or siRNA against the α4 isoform (E) shows a modest, basal level of activation of ATF-1, indicated by a few of the nuclei containing a green ﬂuorescent signal. In
the presence of 10 nM ouabain cells treated with control siRNA (B) or siRNA against the α1 isoform (D) respond with a clear activation (phosphorylation) of ATF-1 within their
nuclei. This activation does not occur when cells have been treated with siRNA against the α4 isoform of the sodium pump (F).
516 R. Dietze et al. / Biochimica et Biophysica Acta 1833 (2013) 511–519kinases is not required for the binding of the factor to CRE but rather
for the interaction of CREB with the transcriptional co-activator CBP
(CREB binding protein) [47,48], a process that leads to transcriptional
activation [49]; phosphorylation of ATF-1 at Ser63 is important for
the binding of that factor to the CRE of DNA promoters and for
the stimulation of transcription [50–52]. Phosphorylation of ATF-1
at Ser63, however, is protein kinase A independent [53], supporting
the notion that the observed ATF-1 activation is the product of the
stimulation of the non-classical, cAMP-independent testosterone sig-
naling pathway c-Src/c-Raf/Erk1/2/CREB [7–9]; this signaling path-
way can now be revised to include the activation of ATF-1.Based on the literature cited above, the ouabain- andα4-mediated
phosphorylation of CREB at Ser133 [7] and of ATF-1 at Ser63, which
occur within the nucleus, most likely result in the formation of
transcription-stimulating heterodimers. Our results shown in Fig. 7
support this notion. The question we asked was, does this activation
of the two transcription factors translate into the expression of phys-
iologically relevant proteins in the Sertoli cell line?
Erk1/2 and CREB/ATF-1 activation have been shown to promote
the interaction of p-CREB/p-ATF-1 with the StAR gene promoter and
the transcription of the StAR gene [22,23]. Consistent with these
ﬁndings, we demonstrate here that ouabain-induced stimulation of
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incubated with 10 nM ouabain for the indicated periods of time. mRNA was then iso-
lated and a StAR-speciﬁc fragment of 593 bp was ampliﬁed by RT-PCR. Although the
fragment is rather faint, it is clearly present to a greater extent in cells treated with
ouabain for 24 h than in cells treated for 0 or 5 h. B) The blot shown in (C) was
stripped and then probed with an antibody against actin in order to obtain a gel load-
ing control. C) Proteins in cell lysates (18 μg) were separated by SDS gel electrophore-
sis, blotted onto nitrocellulose, and probed with an antibody against StAR. Due to the
nature of the experiment it was not possible to include all samples taken at the various
times in a single western blot. The one shown is therefore just a representative western
blot showing the expression of StAR protein in some control and some ouabain-treated
cells. It is apparent that after 5 and 15 h the expression of StAR is higher than in the
controls (some in duplicate). D) Similar western blots that could not be included in
the ﬁgure for reasons of space were used for the statistical analysis shown (n=3–4;
mean±SEM; *p≤0.05; **p≤0.01).
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Fig. 7. Detection of phospho-CREB and phospho-ATF-1 after 24 h of incubation with
ouabain. Cell lysates were isolated after 24 h of treatment with 10 nM ouabain. Ouabain
was omitted in the controls. Proteins in cell lysates (10 μg) were separated by SDS gel
electrophoresis, blotted onto nitrocellulose, and probed with antibodies. A) By using an
antibody that recognizes both phospho-CREB and phospho-ATF, it can be seen that phos-
phorylation levels of both transcription factors are high after 24 h of incubation with oua-
bain (2–2.5-fold higher than the phosphorylation levels of the 0 h-control). B) The blot
shown in (A) was stripped and then probed with an antibody against actin in order to
obtain a gel loading control. It is apparent that changes in p-ATF-1 and p-CREB levels
seen in (A) are not due to changes in protein expression. C) Statistical analysis of results
(n=3; mean±SEM; *p≤0.05).
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StAR-speciﬁc mRNA and StAR protein (Fig. 6).
StAR is a key component of a protein complex that regulates ste-
roidogenesis [12]. It stimulates themetabolism of cholesterol to steroid
hormones by enhancing its transfer from the outermitochondrialmem-
brane to cytochrome P45011A1 (P450scc) in the inner membrane [12].
StAR is expressed in cells of the gonads and adrenals and its biosynthe-
sis has been shown to depend on GnRH [54–56] and on CREB activation
[19,22,23]. There is an on-going debate about whether StAR is ex-
pressed in Sertoli cells and, if so, whether its role is associated withthe production of pregnenolone. Thus, immunohistochemical investiga-
tions reveal that the steroidogenic protein P450ssc (cytochome P450
side chain cleavage; CYP11A1) is lacking in Sertoli cells of goettingen
miniature pigs [57], suggesting the inability of these cells to convert
cholesterol into pregnenolone. Other publications, however, contradict
this assumption. Thus, immunohistochemical investigations of human
testis identify the StAR protein not only in Leydig but also in Sertoli
cells [58]. FSH treatment of rat Sertoli cells stimulates the expression
of StAR, identiﬁed by immunoﬂuorescence [25]. Similarly, the stimula-
tion of immature rat Sertoli cells in culture by dbcAMP leads to expres-
sion of StAR as well P450scc (CYP11A1) that can easily be detected in
Western blots [19]. The stimulation of the expression of these two pro-
teins is associated with increased pregnenolone production [19]. In a
very recent paper, StAR and CYP11A1 expression on the mRNA level
was identiﬁed in rat primary cultures of Sertoli and germ cells after
their exposure to atrazine [26].
518 R. Dietze et al. / Biochimica et Biophysica Acta 1833 (2013) 511–519The Sertoli cell line 93RS2 used here might not be absolutely iden-
tical to regular Sertoli cells; however, they do retain their ability to
express StAR under certain conditions. The fact that the expression
of this protein is triggered by ouabain might reveal a new facet in
the process of steroidogenesis.
Ouabain and other CTS are viewed by many investigators as being
endogenously produced hormones [10,29]. The highest immunoreac-
tivity for ouabain has been identiﬁed in adrenals, hypophysis, and hy-
pothalamus [59–61]. Since adrenalectomy leads to the reduction of
circulating ouabain levels, the adrenals seem to be themajor production
site for CTS [60,62,63]. Taking into consideration these ﬁndings and our
recent results, we suggest that the interaction of endogenously pro-
duced ouabain with the α4 isoform of Sertoli cells induces signaling
events that result in StAR expression and could possibly inﬂuence the
steroidogenic activity of these cells as well the development of sper-
matogenic cells. Thus, the focus of our forthcoming studies will center
on testing this hypothesis by investigating the effects of ouabain on
uptake and processing of cholesterol in mitochondria of Sertoli cells
and the inﬂuence of the CTS on the induction of meiotic markers in
co-cultures of Sertoli and spermatogenic cells. The fact that digoxin-
like immunoreactivity has been detected in human seminal ﬂuid [64]
supports the concept of CTS acting as hormones on cells of the repro-
ductive system and encourages further investigations in this direction.
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